2-Geranyl-1,4-naphthoquinone was isolated from the hairy root culture of Sesamum indicum. The structure was determined to be 2-[(E)-3,7-dimethylocta-2,6-dienyl]-1,4-naphthoquinone on the basis of spectroscopic evidence and chemical synthesis. The production of anthrasesamones A, B and C by the hairy root culture was also confirmed for the first time.
same carbon skeleton, a C 6 side chain at C-2 in an anthraquinone ring, suggesting that the anthraquinones had the same biosynthetic origin. Natural chlorinecontaining compounds in higher plants are relatively rare, and only limited knowledge of their biosynthetic pathway in higher plants, in particular the metabolism and precursor for chlorination, is available. [3] [4] [5] MPAQ (2) has also been isolated from the hairy roots of S. indicum, 6) suggesting that S. indicum hairy root culture could produce the other anthraquinones and provide useful systems for studying the biosynthesis of these metabolites. We therefore undertook the establishment of a hairy root culture of S. indicum to clarify the production of such anthraquinones by in vitro plant culture. We report here the identification of the anthraquinones (2) (3) (4) (5) , and the isolation and structure of 2-geranyl-1,4-naphthoquinone (1), a possible intermediate of anthrasesamones biosynthesis. Hairy root clone SI-16 of S. indicum was established by the transformation of axenic seedlings with Agrobacterium rhizogenes ATCC 15834 and subsequent selection on a phytohormone-free solid medium. 7) Clone SI-16 was cultured for 4 weeks in Gamborg's B5 liquid medium. 8) After the culture medium was passed through a filter paper, almost all the secreted hydrophobic pigments were retained on the paper. On the other hand, the culture filtrate was slightly yellow colored, and extraction of the filtrate with EtOAc gave only 0.03 g of the extract. Therefore, the hairy roots and filter papers obtained after filtration of the culture medium were used for isolation of the quinone derivatives.
Five quinone derivatives, which were tentatively named compounds 1-5 in their order of HPLC elution, were isolated after several chromatographic separations from the CH 2 Cl 2 -soluble fraction as described in the Experimental section. Compound 2 was identified as y To whom correspondence should be addressed. Fax: +81-87-891-3021; E-mail: furumoto@ag.kagawa-u.ac.jp Biosci. Biotechnol. Biochem., 71 (10), [2600] [2601] [2602] 2007 Note MPAQ by comparing its NMR and mass spectra with those previously reported. 1) Compounds 3-5 respectively were also identified as anthrasesamones A, B and C 1) in the same manner as 2. This is the first report of the production of anthrasesamones (3-5) by a hairy root culture of S. indicum, evidence that these anthrasesamones are actual metabolites of sesame roots, and not of other organisms.
The HR-EIMS and 13 C-NMR spectral data for compound 1 showed its molecular formula to be C 20 H 22 O 2 . Ten 13 C resonances (C-1 to C-8a) and four aromatic proton signals ( H 6.74, 7.70, 8.04 and 8.08) of compound 1, as well as its UV and IR absorption bands, were similar to those of deoxylapachol (2-prenyl-1,4-naphthoquinone), 9, 10) suggesting that compound 1 is a 2-substituted 1,4-naphthoquinone. The 1 H-NMR spectrum of compound 1 exhibited three methyl signals at H 1.59, 1.64 and 1.67, a methylene signal at H 3.27, an ethylene signal at H 2.09 and two vinyl methine signals at H 5.08 and 5.21, suggesting the presence of a 3,7-dimethylocta-2,6-dienyl side chain 11, 12) in compound 1. Furthermore, the geometry of the double bond (C-2 0 and C-3 0 ) in its side chain was established as trans configuration by the DIFNOE data, indicating that the side chain is a geranyl, not a neryl, group. The structure of compound 1 was unambiguously substantiated by the synthesis of 1 from 1,4-dihydroxynaphthalene and geraniol. All 1 H-and 13 C-NMR signals were assigned by analyzing the DEPT, DIFNOE, 1 H-1 H COSY, HMQC and HMBC data. Consequently, the structure of compound 1 was established to be 2-[(E)-3,7-dimethylocta-2,6-dienyl]-1,4-naphthoquinone, which was concisely named 2-geranyl-1,4-naphthoquinone.
These anthraquinones (2-5) from S. indicum roots and hairy roots had the same carbon skeleton, an anthraquinone ring plus a C 6 side chain. Some anthraquinones produced by plants are biosynthesized from prenylnaphthoquinones. 13, 14) Moreover, shikonin, having a naphthoquinone ring and a C 6 side chain, is biosynthesized from 4-hydroxybenzoic acid and geranyl diphosphate through the formation of geranylhydroquinone. 15) These findings therefore suggest that 2-geranyl-1,4-naphthoquinone (1) is a possible intermediate of anthrasesamone-type anthraquinones. Cyclization of a C 10 side chain in the naphthoquinone intermediate (1) to generate the third ring would lead to the production of MPAQ (2), and subsequent hydroxylation and chlorination of 2 would generate anthrasesamones A (3), B (4) and C (5). However, the naphthoquinone intermediate (1) may be biosynthesized as a naphthohydroquinone 16) in S. indicum because the hydroquinone is easily oxidized to the quinone form. The biosynthetic relationships of these quinones are an interesting topic now under investigation.
Experimental
General. NMR spectra were recorded with a Jeol JNM-A400 FT NMR spectrometer at 400 MHz for 1 H and 100.4 MHz for 13 C. All NMR chemical shifts were referenced to CDCl 3 ( H 7.24, C 77.0). Mass spectra were obtained with a Jeol JMS-SX102AQQ hybrid mass spectrometer. UV spectrum was measured with a Shimadzu UV-1600 UV-visible spectrophotometer, and IR spectrum with a Jasco FT/IR-670 Plus spectrometer.
Plant material. Hairy roots of Sesamum indicum L. were induced by direct infection of axenic seedlings with Agrobacterium rhizogenes ATCC 15834.
7) The bacteria were eliminated on a phytohormone-free and half-strength Murashige-Skoog (1/2 MS) solid medium 17) supplemented with 3% sucrose, 0.4% Gelrite and 0.05% carbenicillin. The hairy roots were maintained on the 1/2 MS solid medium without any antibiotics at 20 C in the dark at intervals of 6 weeks. Culture method. The established hairy root clone (SI-16) was subcultured in a phytohormone-free B5 liquid medium 8) containing 2% sucrose at 25 C on a rotary shaker at 80 rpm in the dark at intervals of 14-18 d. To produce the quinone derivatives, clone SI-16 (about 0.3 g) was grown in a 100-ml conical flask containing 50 ml of the B5 liquid medium under the same condition as those just described. After 4 weeks of inoculation, the hairy roots and secreted pigments were separated from the medium (50 ml Â 80) by gravity filtration with filter paper (No. 2, Advantec).
Extraction and isolation. The lyophilized hairy roots (23.8 g) and filter papers were sonicated for 30 min in MeOH (Â4), and the MeOH solution obtained was evaporated to dryness. The residue was partitioned between CH 2 Cl 2 (200 ml Â 5) and water (400 ml) to give the CH 2 Cl 2 -soluble fraction (2.68 g). This fraction was subjected to silica gel column chromatography, using stepwise elution with acetone-hexane containing 0.1% AcOH. The fractions (153 mg) eluted with 5% and 10% acetone in hexane were purified by Sephadex LH-20 column chromatography with MeOH-CH 2 Cl 2 (1:1) as solvent. The fractions containing compounds 1-5 were further purified by preparative HPLC (Cosmosil 5C 18 -AR-II, 10 Â 250 mm; 254 nm) with MeOH-AcOH (100:0.2; 1.5 ml/min) as solvent to afford 1 (2 mg), 2 (2 mg), 3 (1 mg), 4 (3 mg) and 5 (1 mg).
Synthesis of 1. 2-Geranyl-1,4-naphthoquinone (1) was prepared according to the method used for the synthesis of phylloquinone.
18) A solution of 1,4-naphthoquinone (2 g) in Et 2 O (35 ml) was shaken with a solution of Na 2 S 2 O 4 (4 g) in H 2 O (30 ml). The Et 2 O layer was washed with saturated NaCl (25 ml) containing saturated Na 2 S 2 O 4 (1.5 ml), dried over Na 2 SO 4 and concentrated to dryness. The residue was washed with hexane and dried under vacuum to give 1,4-dihydroxynaphthalene (1.5 g, 75% yield). A solution of 1,4-dihydroxynaphthalene (273 mg) and boron trifluoride etherate (0.3 ml) in 1,4-dioxane (2 ml) was added dropwise to geraniol (159 mg) in 1,4-dioxane (2 ml), and the solution was stirred for 35 min at 50 C. The reaction mixture was cooled to room temperature, diluted with Et 2 O and washed successively with H 2 O (20 ml Â 2) and a solu-tion of saturated NaCl (10 ml) and 5% Na 2 S 2 O 4 (10 ml). The Et 2 O solution obtained was dried over Na 2 SO 4 and concentrated to dryness. A solution of the residue (0.39 g), Ag 2 O (0.23 g) and Na 2 SO 4 (0.2 g) in dry Et 2 O (4 ml) was stirred for 20 min, and then filtered through Celite, before the filtrate was concentrated to dryness. The residue was purified by silica gel TLC (acetonehexane, 1:9) to give 1 (50 mg, 16% yield).
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